P revious papers of this series6 have shown that the heats of atomization of classical polyenes, calcu lated by our semiempirical 7r SCF MO procedure,5'6 can be reproduced very accurately by sums of "polyene" bond energies, the latest6 estimates of these being those of eq 1. Since our procedure has been shovvn6 to give £ ch = 4.4375 eV very good estimates of heats of atomization of conju gated hyđrocarbons of ali types, this provides strong evidence that the bonds in polyenes can be regarded as localized.7 The bond energy of the polyene single bond is considerably greater (by 0.409 eV or 9.43 kcal/mol) than that estimated6 for a "pure" a bond betvveen sp2-hybridized carbon atoms; the polyene single bonds evidently have strong 7r components. Since, however, the contribution of 7r bonding seems to be constant in classical polyenes of ali types,5c'6 this does not alfect the conclusion that the bonds in such polyenes are local ized.7 The polyene double bond energy on the other hand is only a little less (by 0.02 eV or 0.5 kcal/mol) than the value estimated6 for a "pure" Q = C double bond.
Accepting the conclusion that the bonds in classical polyenes are localized, we are then5c-7 led to a simple definition of resonance energy, as the difference in heat of atomization betvveen a given conjugated hydrocarbon and the value calculated for a corresponding classical polyene by summing appropriate bond energies (eq 1). This definition of resonance energy is superior to others that have been proposed, for tvvo reasons. First, the quantity in which chemists are primarily interested concerning compounds such as benzene is not their stability relative to some idealized structure with "pure" single and double bonds, but rather their stability rela tive to open-chain analogs. Since the latter are class ical polyenes (e.g., l,3,5-hexatriene in the case of ben zene), the quantity in question is precisely the one we have defined as resonance energy. Secondly, our definition is independent of theory, for the polyene bond energies could be, and indeed should be, esti mated from thermochemical data. We calculated them theoretically (eq 1) only because such data are as yet lacking. A definition in terms of "pure" single and double bonds would necessarily be linked to some theoretical estimate of the corresponding bond energies given that they cannot be determined experimentally.
The success of this definition of resonance energy rests of course on the apparent ađditivity of bond ener gies in classical conjugated hydrocarbons; it is obviously of considerable interest to see \vhether a similar ađditivity holds in the case of compounds containing other elements, in particular nitrogen and oxygen. Here again the problem cannot be approached empirically for lack of suitable thermochemical data; hovvever the ir SCF MO procedure5,6 has been successfully extended to conjugated compounds containing nitrogen and oxygen,8 and we have accordingly used it to study bond localization in classical compounds of this type.
Theoretical Method
The calculations were carried out by the procedure described in part XII8 of this series, in which allowance is made for the eflects of polarity in the a components of bonds and for the variations in the values of two-center integrals for pairs of directly linked atoms, due to variations in bond length (variable (3 procedure613). The lengths of the bonds are recalculated at each step in the SCF iterative procedure, assuming a linear relation between bond order and bond length, and the corresponding two-center integrals are then recalculated accordingly; the integrals betvveen nonadjacent pairs of atoms are, hovvever, assumed to retain the values corresponding to the geometry assumed initially. If the final bond lengths dilfer significantly from those assumed initially, the results may be affected by failure to allow for corresponding changes in the nonbonded interactions. In cases where this was so we accordingly repeated the calculation, using an initial geometry corresponding to the final bond lengths from the previous calculation; in practice, the results of this second calculation never differed significantly from those of the first, so the neglect of change in nonbonded interac tions is apparently unimportant. A similar conclusion was reached for the systems previously studied by this procedure.5'7
Effect of Electronegativity on Bond Energy
It is now generally accepted that the strengths of bonds formed by a given atom must to some extent depend on its formal charge, since changes in formal charges lead to changes in electronegativity.9 Indeed, the effect of the polarity of a bonds had to be taken into account in our 7r treatment8 of conjugated molecules containing nitrogen or oxygen by making appropriate changes in the corresponding valence-state ionization potentials. In discussing the additivity of bond energies in such molecules, one must be prepared to allow for this effect; thus, the properties of a given CN bond are bound to be different in cases where carbon is adjacent to another carbon from those where it is adjacent to another heteroatom. In developing a set of bond energies we must be prepared to use different values for the two cases, just as we use different values for bonds formed by carbon in different States of hybridization.10 
Bond Localization in Conjugated Compounds of Nitrogen and Oxygen; Bond Energies
The procedure used to determine the bond energies of localized bonds was similar to that used in part XI6 for polyenes. The first case considered was that of the polyazapolyenes (I). If the heats of formation of such H 2C = N (C H = N )" H I molecules can be expressed as sums of bond energies, the total CN bond energy, E(CN), should be given by eq 2, where n is the number of C-N bonds in the class-
ical structure (I) and Ec-n and Ec=tN are the corre sponding energies. A plot of E(CN) vs. n should then be a straight line of slope Ec-n + EC=N and intercept Ec-n • Figure 1 shows the corresponding plot for n = 1-6, E(CN) being calculated by our tr SCF MO method.8 The points obviously lie very close indeed to a straight line, the slope and intercept of which lead to the follovving values for the bond energies. The value for EC=N -Ec-n = 4.1800 eV
is very little less than that (5.177 eV) estimated8 for a "pure" C = N bond, while the value for Ec-N is considerably greater than that (3.346 eV) estimated8 for a "pure" C-N bond. Similar relationships held6 for the corresponding bond energies in polyenes and an explanation has been given in terms of perturbation theory (PMO method).11
The localization of bonds in I is further indicated by their lengths (Table I ). While the lengths of "single" Table I In order, starting from the terminal nitrogen atom in I.
and "double" bonds vary more than in the polyenes,6 the over-all variations are still quite small. Note that the molecules are predicted to be symmetrical, the length of a bond depending only on its distance from an end of the molecule, not on which end (-C = N or be affected by the atom adjacent to carbon, we also calculated jE^CN) for a number of azapolyenes containing the unit CCN; the results are shown in Table  II , together with bond lengths and heats of atomization (A//") of the corresponding azapolyenes. The bond lengths are very similar to those of part XI6 and Table  I, bond energies of eq 1, 3, and 4 are also shown in Table  II ( 
E'(CN)).
The bond energies of the bonds formed by unsaturated carbon to amine-type nitrogen might be expected to vary greatly, since compounds of this type are isoconjugate with carbanions and so might be expected to have large and variable resonance energies. The data in Table III lead to a value for the corresponding bond energy (E " c -n ) which is actually less than the° In cases where classical conjugated molecules can be regarded7 as having localized bonds, a simple defini- tion of resonance energy is available6 as the difference in heat of atomization between a given compound and the value calculated for a corresponding classical structure as a sum of bond energies. The calculations described above suggest that classical molecules containing nitrogen and oxygen are localized in our sense,7 even in the case of ethers and amines where classical structures other than the neutral "ground State" would be zvvitterionic and involve transfer of charge from nitrogen and oxygen to carbon. We have accordingly calculated the heats of atomization of a number of conjugated compounds containing nitrogen or oxygen by our w SCF MO method8 and estimated their res onance energies (ER) by comparison with heats of atomization calculated for corresponding classical structures from the bond energies of eq 1-6. The results are shovvn in Tables VI and VII , where the calcu- 
Discussion
The values for ER in Table VI imply that the res onance energies of even nitrogen heteroaromatics are very similar to those for the isoconjugate hydrocarbons (cff' benzene, 20.04 kcal/mol; naphthalene, 30.51 kcal/mol), in agreement with conclusion reached on the basis of PMO theory;12 moreover, the resonance ener gies calculated for aniline, and for a-and /3-naphthylamines, are if anything less than those for the parent hydrocarbons, confirming that the C-N bonds in such compounds are localized. The resonance energies of the compounds containing five-membered rings also seem reasonable; thus benzimidazole, with a resonance energy very similar to that of naphthalene, is a very stable system, as indicated by the thermal stability of polymers containing this ring system.13 Note also that quinoxaline is predicted to have a lower resonance energy than quinazoline; while quantitative data are lacking, the nitrogen-containing ring of quinoxaline certainly seems to be more labile to hydrolysis than that of quinazoline.
The resonance energies predicted for oxygen compounds also seem to be consistent with their Chemical behavior; thus the resonance energies of benzaldehyde, the hydroxybenzenes, and phenyl ketones are predicted to be not dissimilar to that of benzene, and the naphthols to that of naphthalene. The enhanced acidity of the phenols can of course be attributed to an increase in resonance energy when the group adjacent to phenyl or naphthyl is O-instead of OH, O-being much less electronegative.
On the other hand the calculated resonance energies lead to the prediction that three compounds, normally considered aromatic, in fact are not, viz., furan, tropone, and tropolone. This, hovvever, seems to be con sistent with the available data.
The bond lengths in furan14a are very similar to those that would be predicted for a 1,3-butadiene derivative,14b and the classical nature of this molecule is further supported by the facility with which it undergoes Diels-Alder reactions, unlike thiophene or pyrrole. The Chemical reactions of furan are also exactly what would be expected for a cyclic dienyl ether; substitution reactions take place only in cases where electro- philic attack on furan would lead to an intermediate carbonium ion that might be expected to undergo loss of a proton rather than addition, in order to avoid forming a product with eclipsed sp3 carbon atoms.
The conclusions regarding tropone and tropolone are perhaps more startling, since the aromatic nature of tropolone was a presupposition of its original postulation as a component of stipitatic acid and colchicine. 15 However, most of the special properties of these com pounds can be attributed to the facility vvith which they form symmetrical conjugate acids or bases, rather than to any special properties of the parent compounds. Thus tropone is very stable under acidic conditions, when it exists as the conjugate acid C7H 6OH+, but not under neutral or basic conditions, when it can undergo, e.g., Diels-Alder reactions,16 vvhereas tropolone, which can exist both as a stable conjugate acid, dihydroxytropylium, C7H6(OH)2+, and as a stable conjugate base, C7H6(Tr, is stable to both acids and bases.
Further confirmation is provided by a recent structure determination for 4,5-benzotropone17 which shows the seven-membered ring in this compound to have a classi cal structure, the lengths of the "single" and "double" carbon-carbon bonds being close to those in 1,3-buta diene.
